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Professor Allen D. Hunter

Director of the STaRBURSTT Consortia @ YSU

Director of the STEM Analytical Materials Instrumentation Facility
Department of Chemistry, Youngstown State University

One University Plaza, Youngstown, Ohio, 44555-3663
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Phone: (330) 941-7176, Cell: (330) 503-3033, Fax:, (330) 941-1579

Eugene Zakar October 18", 2012
US Army Research Laboratory, SEDD

2800 Powder Mill Road
RDRL-SER-L
Adelphi, MD 20783-1197

Re:  Final Report - ARL Grant W911NF-08-2-0057 - “National Defense Center of
Excellence for Industrial Metrology and 3D Imaging”

Dear Eugene:

Report Overview: We would like you to consider this document and its appendices as
our Final Report to you for ARL Grant 911NF-08-2-0057. In this report, are summarized the
results from our “National Defense Center of Excellence for Industrial Metrology and 3D
Imaging” project, are discussed our on-going work related to this project, and are outlined some
ideas for future activities.

Project Structure: In our Annual Project Plan, APP, and Statement of Work, SOW, for
this grant, we defined 8 inter-related Subcomponents, each with associated Activities and
Deliverables. All of these Activities have been completed and, below, are listed several
measurable outcomes that illustrate this progress.

% Subcomponent 1 - Project Administration, Management, & Sustainment - YSU Lead
Partner:

» The Center of Excellence in Industrial Metrology & 3D Imaging has been fully
established and expanded to several related areas of Metrology, 3D Imaging, and
3D Manufacturing:

* It has approximately a dozen core faculty from multiple departments in YSU’s
College of Science, Technology, Engineering, & Mathematics, STEM, (e.g.,
Chemistry, Computer Science & Information Systems, Physics, Industrial
Technology, Industrial & Systems Engineering, Mechanical Engineering, &
the new Materials Science & Engineering PhD program).

* It has close collaborators in the private sector (M*7 Technologies, Zethus
Software, and AST2 at the Youngstown Business Incubator) and public
institutions (NIST and the Ohio Supercomputer Center) who were sub-
contractors on this ARL grant.

= ]t also has non-ARL funded participants who have contributed significant
human resources to this project to date (e.g., the Youngstown Business
Incubator, YBI; Bruker-AXS; Fireline-TCON Inc.; and Materials Research
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Labs, MRL, as well as many of the leading providers of Laser Metrology
hardware & software).

> Partially because of the organizational structures developed during, and as results
of, this ARL project, YSU has recently enrolled its first class of students in its
first PhD program (hupJ/stem.ysuedwstem/phd). This program is a Doctor of
Philosophy in Materials Science & Engineering with its core strength and focus
being in Materials Characterization (composition, dimensionality, properties,
etc.). A distinguishing feature of this new PhD is that it is fundamentally
interdisciplinary in nature with all student projects having an industrial
component in their thesis. This PhD program emphasizes R&D in areas that are
tightly coupled to regional industry and economic development
needs/opportunities. This builds upon/reflects YSU’s designation of Materials
Science & Engineering as its first internal Center of Excellence. Indeed, both of
these designations mean that Materials Science & Engineering and, especially its
Analysis/Measurement/Modeling components will have first call on new external
resources, including a half dozen new faculty/staff hired in the last three years to
the program.

» Youngstown/YSU was designated as the Ohio Hub of Advanced Materials and
Software Development  (http://www.ysu.edu/marketingComm/files/articles/2407/PDF/2407 pdf,
http://www.development.ohio.gov/Urban/OhioHubs.htm). This carried $250,000 in state funds
with priority access to many of the state’s educational, training, and economic
development funding opportunities. The current Metrology project is the clearest
example of the types of collaborative projects this Hub Center is built around.

» YSU led teams have been awarded new NSF and state funding (from the Ohio
Third Frontier Program) totaling over $5,000,000 (plus internal and commercial
match) to establish new collaborative access facilities here at YSU, including:

= An Advanced Materials Characterization Lab at YSU
(http:/govemnor.ohio.gov/Default.aspx2tabid=1627)  with a  new  high-resolution
Transmission Electron Microscope, TEM, a new Focused Ion Beam, FIB,
Electron Microscope, and advanced sample preparation facilities with two
more SEM systems funded and due to be ordered this Fall. Pending and
approved grant requests to ODoD, NSF, and DOE will fund
expansion/extension of this facility which is operated in close collaboration
with Materials Research Lab (hup:/wwwmrllabeom/) and with  YSU’s
Chemical/Materials Instrumentation & Diffraction lab
(http://web.ysu.edu/gen/stem/YSU_Structure__Instrumentation_Facility_m1362.html) that closely
collaborates with vendors such as Bruker-AXS in new product development.

* This lab now has several full-time PhD level scientists, including specialists in
each of the areas of X-Ray Diffraction Methods, Electron Microscopy, and
AFM/STM that provide our users with continuing full time expertise.

* The current NSF and OBoR funds to Solomon and collaborators for the two
additional electron microscopes will include a range of new nanoscale
characterization capabilities, including Electron Backscatter Structure
Determination, EBSD, and provision and partial or full funding (depending on
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bargained discounts) of a SEM based sub-micron resolution X-Ray CT
capability.

* New OBoR funds to Simeonsson and collaborators have/are funding tools for
materials surface characterization such as FT-IR microscopy and AFM/STM.

» A Sensor Systems project (http://www.business-journal.com/ysu-ybi-m-get-million-
grant-partners-to-develop-sensor-technolog-p17374-1.htm) funded by the Ohio Board
of Regents WCSSE program to deploy and develop new Laser Imaging and
related tools is a direct follow-on to this current ARL grant — especially for the
more applied/shorter term components - and leads into the NAMII program,
see below. The WCSSE grant includes funding for both new Laser, Eddy
Current, & Ultrasound Imaging systems and Coordinate Measurement
Machines, in Youngstown that are now being applied to commercial
applications by a team led by M*7 Technologies and YSU.

* From this Metrology center grew the major new Additive Manufacturing
Initiative with funding of $69,000,000 to build the National Additive
Manufacturing Innovation Institute (NAMII), a national collaborative center
of excellence in 3D printing technologies applied to commercial

manufacturing (i.e., see: http:/namii.org/, http://www.nedmm.org,
http://www.manufacturing.gov/amp/pilot-institute html, http://www.commerce.gov/news/press-

releases/2012/08/16/obama-administration-announces-new-public-private-partnership-support,
http://www.whitehouse.gov/the-press-office/2012/08/16/we-can-t-wait-obama-administration-

announces-new-public-private-partners, http://ybi.org/news-events/69-million-federally-funded-lab-

» Currently, Youngstown State University has substantive research partnerships
with a range of industry partners, including:

e Delphi Automotive Systems, for the development of Aluminum Battery
Cables for Electric Vehicles, funded by the Ohio Third Frontier program
($1 Million).

o Polyflow (http://www.respolyflow.com/), for the Development of a Novel
Polymer Waste-to-Fuel Reactor, funded by the Ohio Third Frontier
program ($1.6 Million).

e Third Millennium Metals, for the Development of Innovative Copper
Composite materials with lower resistance and higher conductivity,
funded by the Ohio Third Frontier program ($1 million).

e M*7 Technologies, (see above).

o Fireline Inc., and Fireline-TCON Inc, for the development of Advanced
Nanocomposite Materials for Lightweight Integrated Armor Systems and
other applications, funded by the Army Research Lab, the Ohio Third
Frontier Program, and others (1.5 million).

e National Additive Manufacturing Innovation Institute, with headquarters
in Youngstown and with a YSU faculty member currently serving as
Acting Deputy Director for Workforce Development. This Institute,

W911NF-08-2-0057 Metrology FinalReport-0-Body. 2012.10.18m.doc Page 3 of 9 in Total 10/18/2012

Page 3 of 225 Pages in Total (Body of Report + Appendices)




W911NF-08-2-0057 - Metrology - FinalReport
Final Report: ARL Grant W911NF-08-2-0057 ‘“National Defense Center of Excellence for Industrial Metrology and 3D Imaging™

announced August 17, 2012, is rapidly advancing a technology roadmap
and sub-proposal process, in which YSU expects to play a significant role.

e The estimated total value of all current sponsored research projects with
YSU participation is approximately $8 million annually, exclusive of the
potential funding yet to be requested from the National Additive
Manufacturing Innovation Institute.

% Subcomponent 2 - Research & Economic Development - YSU Lead Partner:

» YSU’s STEM College now has a fully operational Office of STEM Research and
Technology Based Economic Development with a full time Director (with 30+
years of industrial experience) and one support staff person. The position was
nitiated from this ARL grant but is now being funded by a combination of
internal and other external sources, including both STEM College Indirect budget
and Project Management budget within State and Federal Research proposals. In
particular, the Ohio designation of Youngstown as the Ohio Hub of Innovation in
Materials Science and Software Development in 2010 has provided most of the
ongoing external funding for this position.

= This position has created databases of internal physical and human resources
skills and faculty expertise and linked them to new or enriched collaborative
projects with dozens of local/regional manufacturing companies. Each of
these collaborations is operating with funding from YSU and company
partners and most have already applied for external funding, or are currently
doing so, to deepen their collaborations. Most of these collaborations have
Materials Analysis/Metrology as one of their core foci. Related activities
include:

e The STEM College Research and Technology-based Economic
Development Director has actively promoted laser metrology technology
to several of the National Additive Manufacturing Innovation Institute
partners, including many current military suppliers. It has also supported a
successful proposal for establishing the National Additive Manufacturing
Innovation Institute, NAMII, in Youngstown, Ohio.

¢ On an ongoing basis, the STEM College seeks to leverage laser metrology
technology advancements with other industry clients, both in support of
further commercialization and in identifying additional research
collaborations.

o As an indirect result of this project, YSU has since institutionalized the
Y SU Research Foundation (http://www.ysuresearchfoundation.org), Y SURF, which
is designed to expand upon economic development opportunities which
arise from industry/university collaboration.

e Many of these activities are carried out in collaboration with the
Youngstown Business Incubator, YBI, and the regional Advanced
Manufacturing Initiative, AMI, which the availability of the new YSURF
should facilitate.
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» It was this office that coordinated YSU’s application for the Ohio Hub
designation, the newer State funded grants (above), student internships, and
for other external funding opportunities (six of which have been funded). It
provides a “one-stop” place for companies looking to build collaborations on
campus and within our region and currently involves several dozen STEM
faculty in collaborative activities it helped initiate and/or facilitate (i.e., by
coordinating the flow of internal paperwork required to initiate university-
industry collaborations). Indeed, it has played a key role in helping increase
YSU’s external funding over the last five years to levels averaging about
seven million dollars annually.

» It is noteworthy that the CRADA that was signed between YSU and NIST as part

of this project was the first between NIST and any state institution. In so doing, it
had to overcome disagreements between federal and state law and contracting
practices but now can be used as a template for similar collaborations between
Ohio and federal agencies.

% Subcomponent 3 - Metrology Education and Training - YSU Lead Partner:

» We have completed an analysis of how Metrology concepts are related to the

current National Science Standards and find that they are deeply interwoven as
one of the central themes (although referred to as measurement & analysis (for
example) rather than Metrology). They also appear to be central to the recently
released updated Standards.

Metrology concepts are interwoven throughout the K-12 curriculum and because
some aspects are part of federal/state proficiency standards they are extensively
taught in schools. As with other educational goals, actual student achievements in
this area are less certain and are highly divergent from student-to-student and
district-to-district. However, the measurement and analysis of data is so central to
the standards that they appear to be amongst the topics most likely to be
emphasized. A point-by-point comparison of these standards to the metrology
education needs is completed.

With a few exceptions outside of their medical schools and related life science
programs (where 3D imaging is an active area), colleges and universities don’t
have programs (or often even courses) explicitly called Metrology. Indeed, only
one Associate Degree program directly focused on metrology has been identified
and only a handful of STEM based course offerings are taught at the
undergraduate level. However, they are embedded deeply in the STEM
curriculum. With the recent acquisition of many of the relatively small companies
that used to dominate the metrology instrumentation area by major international
technology companies, a new wave of student friendly instrument systems (in
areas such as X-Ray CT) are being launched which should facilitate wider

implementation of these tools in the STEM curriculum (i.e., see examples from
YSU, below).

With the formation of the integrated STEM College at YSU and with the new
PhD in Materials Science & Engineering, Metrology is being explicitly integrated
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into both the formal curriculum, into student research projects, and into the
consensus understanding of best practices. For example:

* Hunter has developed and twice offered a new senior undergraduate/graduate
course in 3D Imaging emphasizing X-ray Tomographic Methods (one of the
few outside of medical colleges in the US).

» Solomon and Wang have introduced and offered two new lecture/lab courses
at the senior undergraduate/graduate levels on different aspects of Electron
Microscopy.

* Linkous has introduced and offered a new integrated PhD level lecture/lab
course on Instrumental Methods in Materials Science & Engineering.

» An unexpected observation that was made during the course of this project by the
team was that the underlying mathematics, scientific principles, and best practices
for data collection, processing, & validation in metrology applications are
remarkably similar to those used for chemical/materials analysis techniques such
as Single Crystal X-ray Diffraction, SCD, and Nuclear Magnetic Resonance,
NMR, spectroscopy. It thus appears that an untapped reservoir exists of people
from these communities to “cross over” to metrology R&D and practice. Further,
various aspects of the science, mathematics, data management, and practice of
diffraction and NMR appear to be substantially more mature than those in
common use in 3D imaging. It thus seems likely that these individuals will be
able to rapidly add value to the imaging community which is experiencing a
shortage of people with high level expertise in the underlying theory,
mathematics, and its applications.

% Subcomponent 4 - Road Map Development - NIST Lead Partner:

» The team has completed the survey work and has produced a formal NIST report
(Appendix I) on the status, opportunities, & challenges of Laser Imaging
Hardware and Data Processing Software. These are based on broad surveys of
individuals and companies that are leaders in these fields.

» The team led by M*7 has completed its survey of Perceived Commercial Needs,
Opportunities, & Barriers to broader adoption of these technologies in the
Defense Industrial Base, particularly by small to medium sized companies.

% Subcomponent 5 - Meta-Data Tagging R&D - YSU Lead Partner:

> The team has carried out a broad survey of opportunities for simultaneously
collecting multi-sensor data while doing metrology studies and then fusing that
data into an integrated analysis of the test objects.

» Several particularly promising avenues for synergy were identified that are
candidates for near term commercial integration, including:

» Simultaneous collection/analysis of laser, multi-frequency, thermal, and
atmospheric correction (e.g., temperature, humidity, and pressure profiles)
information to reduce inherent uncertainties and systematic errors in
“conventional” laser-imaging studies.
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* Exploitation of, and improvements in, routine industrial X-Ray CT Scanning
to provide simultaneous surface and interior 3D images (e.g., of surface maps
and interior volume maps) of solid objects up to several feet in diameter. This
should be routinely coupled to laser imaging to cross-constrain systematic
dimensional uncertainties.

» Integration of laser and X-Ray CT imaging systems with complementary
techniques for simultaneous measurement of surface composition (e.g., by
Raman Spectroscopy & Mass Spectroscopy) and bulk composition (e.g., by
X-Ray Fluorescence & Diffraction and Frequency Specific X-Ray
Absorption). Viable concepts for modification of commercial systems
designed for both large object imaging and high-precision sample imaging are
apparent, for example:

e The integration of laser scanners, fiber-optic Raman spectrometers, and
energy dispersive X-ray (point or area) detectors within the sample cabinet
of a CT scanner so that while it is collecting the volumetric composition
and dimensional data, complementary surface shape and compositional
data are collected.

o For conventional single crystal diffractometer hardware, it appears
feasible to add an energy sensitive X-ray area detector between the
goniostat and beam stop and/or a perpendicular energy sensitive X-ray
detector (i.e., to measure element specific X-ray absorption/fluorescence
data) and/or a Raman or other spectrometer focused on the sample to
measure chemical structure data.

» Several major instruments companies, including Bruker Instruments, have
major initiatives in this area which were, at least in part, initiated by results
from, and interaction with, the personnel involved in this Center of
Excellence.

» Using one of the several meta-data tagging approaches to fuse the raw and/or
processed data from the multi-analyzer methods together facilitates both the
simultaneous processing and displaying of these data in an intuitive fashion.
Increasingly powerful computational platforms and software tools for
multidimensional data analysis commercialized for other purposes are driving
down the costs and are increasing the ease of use of these tools.

% Subcomponent 6 - Data Handling R&D - Zethus Lead Partner:

» Zethus in collaboration with the YSU/OSC team has completed an analysis of the
data management/distribution challenges for current generation and near-term
metrology systems. Recent and ongoing improvements in both the data collection
and processing tools for metrology projects have been rapid. However, the
distribution of these data from field sites to processing sites and, often, between
different computers & operating sites within an organization is still often/typically
handled by “sneaker-net” transfer of hard drives due to bandwidth cost and
availability constraints. Current trends are predicted to result in data generation
growth rates from such applications approaching or exceeding an order of
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magnitude each year. Thus, advanced methods for pre-processing, routing, and
storing data will be required if these “pipeline/IT” issues are not to be the primary
barrier to wider & more efficient utilization of these methods. Indeed, the rate at
which data can be, and are being, collected by new and emerging systems
continues to accelerate which has a profoundly adverse impact on the data
generation to data transfer rates that are available and projected.

» One feature of high-performance CT imaging that is not widely known is that at
least some of the vendors have seamlessly integrated very advanced
computational systems/tools (e.g., 1024 node Graphics Processing Units, GPUs,
and highly efficiently parallelized code) into their systems. With relatively simple
modifications to these systems, it seems probable that they can be cross applied
more broadly to other metrology applications which should dramatically improve
their speed and user friendliness. This will allow domain experts to focus on data
interpretation & validation rather than mundane data-reduction/analysis tasks.
Indeed, the new financial and technical resources being brought to bear by
integrating CT specialist companies with larger instrumentation companies are
illustrated by the rapidly increasing rate of CT product launches and the much
lower level of user expertise many of these new systems require (e.g., see
http://www.bruker-axs.com/x-ray-micro-computed-tomography.html ).

» Perera at YSU is continuing to investigate data distribution processes in such
systems, especially via wireless networks.

% Subcomponent 7 — Error Propagation R&D - M*7 Lead Partner:

» The team has focused on surveys to establish best practices (current & future),
including topics such as ISO certification of the data collection, reduction,
processing, & analysis process.

» The team has carried out a study of how errors propagate through metrology
projects (both systematic and random) and what procedures can best be used to
reduce embedded errors and to make sure that the users are aware of the
limitations of the methods used.

% Subcomponent 8 — Data Collection, Reduction, & Processing R&D - M*7 Lead
Partner:

» Because of the rapid current and projected growth of the use of these advanced
metrology techniques, workforce availability and training issues will be a primary
limiting variable in their spread. Studies of both required skills and how these can
be trained have been carried out for metrology team members at each skill
level/job function.

» Working with internal and external team members, pathways to improved data
collection and processing strategies have been studied and specific suggestions for
how these can be commercially implemented will be presented in a technical
review.
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Future Extensions:

% Dissemination: Information about the commercial applications of these new
technologies will be primarily distributed within the framework of the NAMII
program as well as through the YSU/YBI/Commercial collaborative teams. Academic
dissemination related to these topics have been presented at national meetings, in
print, and discussed with individual organizations and companies. Additional
publications, especially related to educational applications and simultaneous multi-
method (hyphenated) instrumentation systems, see below, are expected in the near
term.

% Hyphenated Metrology Techniques: Our research has indicated both the potential
utility and challenges in simultaneous multi-method characterization of items by
hyphenated techniques such as Laser Metrology, X-ray CT Scanning, X-Ray
Diffraction, X-Ray Fluorescence, and Raman Spectroscopy as a function of variables
such as item temperature and surrounding atmosphere composition. We plan on
taking the current qualitative ideas based on physical principles and our survey of
current commercial systems to the point of Functional and partial Technical
Specifications. This will be done for proof of concept exemplars at a level that is
sufficiently detailed that the technical & vendor communities can evaluate the likely
cost of construction & operation and their likely advantages & disadvantages over
current commercial systems. This is being done in collaboration with major
instrument companies, such as Bruker-AXS, who have the resources to bring such
products to market in a timely fashion.

J

% Applications of 3D CT Imaging to the Undergraduate STEM Curriculum: In
collaboration with Bruker-AXS, we intend to support the introduction of Bench-Top
X-Ray CT systems optimized for educational/novice researcher applications as we
have done in the past for Bench-Top X-Ray Diffractometers.

Summary: Please consider this document our Final Technical Report. Our grants
accounting office has submitted a formal financial report to our contractual oversight officer at
ONR in Chicago. If you would like any other information related to this project, please let me
know. In particular, we are most excited by the opportunity to come to ARL and present a
Project Report on this Metrology grant.

Sincerely,

g ~ ;»V, ~ P

£ L

.

Dr. Allen D. Hunter, Professor of Chemistry

Appendix I: NIST - “3D Imaging Systems for Manufacturing, Construction, and Mobility”.
Appendix I1: OSC - “Remote Desktop Control and Large-Scale Data Transfer and Management:
Survey and Experiments”.

Appendix III: M*7 Technologies - “Report on the State of Industrial Metrology and 3-D
Imaging”.

Appendix IV: Zethus Software - “Data Handling Functional Specification”.
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DISCLAIMER

Certain trade names and company products are mentioned in the text or identified in an
illustration in order to adequately specify the experimental procedure and equipment used. In no
case does such an identification imply recommendation or endorsement by the National Institute
of Standards and Technology, nor does it imply that the products are necessarily the best
available for the purpose.
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Abstract

The National Defense Center of Excellence for Industrial Metrology and 3D Imaging (COE-
IM3DI) is conducting research to enable the next generation of manufacturing-centric
human/instrument/machine interactions. The generalized goal of the COE-IM3DI research is to
facilitate the transition of 3D imaging technology from one requiring highly skilled/specialized
technicians to a ubiquitous measurement capability available in real-time on the shop floor. This
long-term effort requires a detailed examination of the current state-of-the-art in 3D imaging and
projected technology development trends over the next ten years.

In 2004, NIST produced a report [1] on the then state-of-the-art of the 3D Imaging field with a
particular focus on hardware requirements for applications in manufacturing, autonomous
vehicle mobility, and construction. This report will extend that initial work (principally with
respect to software) and provide an update that will support the needs of the COE-IM3DT
research program. The specific 3D imaging areas examined include:

e Current state-of-the-art software and future software trends for 3D image data

e Current state-of-the-art hardware and future hardware trends for active 3D imaging
systems

¢ Assessing operational requirements of 3D imaging for national defense with a focus
on manufacturing, construction, and autonomous mobility

Keywords: 3D imaging; hardware survey; focal plane arrays (FPAs); LADAR; laser scanners;
LIDAR,; software survey.
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1 Introduction

The National Defense Center of Excellence for Industrial Metrology and 3D Imaging (COE-
IM3DI) is conducting research to enable the next generation of manufacturing-centric
human/instrument/machine interactions. The generalized goal of the COE-IM3DI research is to
facilitate the transition of 3D imaging technology from one requiring highly skilled/specialized
technicians to a ubiquitous measurement capability available in real-time on the shop floor. This
long-term effort requires a detailed examination of the current state-of-the-art in 3D imaging and
projected technology development trends over the next ten years. This proposed research by the
National Institute of Standards and Technology (NIST) would directly address this need.

The Construction Metrology and Automation Group (CMAG) at NIST collaborated with
Youngstown State University in support of the COE-IM3DI to produce a detailed review of the
3D imaging research and development field, provide an in-depth understanding of the current
state-of-the-art in active-sensor 3D imaging, and project development trends over the next
decade. In 2004, NIST produced a then state-of-the-art report [ 1] of the 3D Imaging field with a
particular focus on hardware requirements for applications in manufacturing, autonomous
vehicle mobility, and construction. This report will extend that initial work (principally with
respect to software) and provide an update that will support the needs of the COE-IM3DT
research program. The specific 3D imaging areas examined include:

e Current state-of-the-art software and future software trends for 3D image data

e Current state-of-the-art hardware and future hardware trends for active 3D imaging
systems

e Assessing operational requirements of 3D imaging for national defense with a focus
on manufacturing, construction, and autonomous mobility.

3D imaging (3DI) systems are used to collect large amounts of 3D data of an object or scene in a
short period of time. A definition of a 3D imaging system as taken from ASTM E2544 [2] is:

A 3D imaging system is a non-contact measurement instrument used to produce a 3D
representation (for example, a point cloud) of an object or a site.

DISCUSSION—

(1) Some examples of a 3D imaging system are laser scanners (also known as LADARs
[Laser Detection and Ranging] or LIDARs or laser radars), optical range cameras (also
known as flash LIDARs or 3D range cameras), triangulation-based systems such as those
using pattern projectors or lasers, and other systems based on interferometry.

(2) In general, the information gathered by a 3D imaging system is a collection of n-
tuples, where each n-tuple can include but is not limited to spherical or Cartesian
coordinates, return signal strength, color, time stamp, identifier, polarization, and
multiple range returns.

(3) 3D imaging systems are used to measure from relatively small scale objects (for
example, coin, statue, manufactured part, human body) to larger scale objects or sites
(for example, terrain features, buildings, bridges, dams, towns, archeological sites).

1
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The work in this report was conducted under the CRADA (Cooperative Research &
Development Agreement) ID number CN-09-5118 between NIST and Youngstown State
University and a contract between Mr. Maris Juberts, an engineering consultant and a former
NIST employee, and Youngstown State University.
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2.1 Manufacturing

Table 1. Typical Applications in Manufacturing

2 Current Applications for 3D Imaging Systems

Applications in manufacturing for active 3D imaging systems include: tooling and product/part
inspection, capturing physical geometry of parts, reverse engineering of parts and assemblies,
CAD part modeling, capturing production line equipment and manufacturing sites in 3D for
documentation and production line planning, large volume metrology, navigation and collision
avoidance for Automated Guided Vehicles (AGV), safety and security systems for automated
equipment in assembly line operations. Table 1 contains a list of the main features and salient
characteristics of active 3D imaging methods used in manufacturing applications.

Some shadowing

Type of 3D imagin Main features & salient Typical range for . L
methods ¢ characteristics un)g;rtainty %alues (DS SODICALICES
Triangulation (active) 1D, 2D, & 3D illumination 0.02 mmto 2.00 mm  Reverse engineering,
Depth of field (DOF) <4 m’ quality assurance,
High measurement rate (10 to CAD part modeling,
1000) kHz' part/assembly
Most require scanning inspection

. Low cost
Pulsed Time-of- light beam illumination 5 mm to 50 mm* Machine, production
Flight (TOF) DOF>10m" line,
(scanning) Requires scanning building, infrastructure
Good measurement rate (1 to modeling and
250) kHz' documentation
Good in bright ambient (outdoors)
Multiple pulse return detection-
possible
AM (Amplitude light beam illumination 0.05 mm to Tooling, reverse
Modulated) TOF- DOF: (1 to 100) m’ 5.00 mm* engineering, inspection,
(scanning) Requires scanning metrology of larger
High measurement rate (50 to parts and assemblies.
1000) kHz' CAD part modeling.
May be affected by bright ambient
light Machine, industrial site
Primarily used indoors & infrastructure
modeling and
documentation.
FM (Frequency light beam illumination 0.01 mm to large scale dimensional
Modulated) TOF- DOF<10m’ 0.25 mm* metrology
(scanning) Slow scanning rate (0.01 to
2.0) kHz'

Highest detection sensitivity
Lowest power requirements
High dynamic range

Most expensive

3
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Type of 3D imaging

Main features & salient Typical range for

______methods ______characteristics uncertainty values Typlczll appllcatlmi )
AM TOF Entire FOV Illumination +] cm Navigation & safety
Focal Plane Array Non-scanning systems for AGVs &

Narrow FOV 40° x 40° typical other mobility
Largest array size 200 x 200 platforms.
Real-time operation up to 100 Real-time perception for
frames per second (fps) industrial robots &
Typical DOF: (0.5 to 30) m assembly line
equipment and safety
Limited operation outdoors. systems.
Low cost
Confocal Optical Flying spot scanning in two <10 pm Subsurface 3D imaging
Coherence dimensions — relatively slow of translucent or
Tomography Broadband light source — low opaque materials.
& White Light coherence. Non-destructive
Interferometry Short standoff distances & limited material tests.
to a few millimeters of depth Reverse engineering of
imaging small parts.
Parallel Optical Uses CCD camera or CMOS smart <10 pm Subsurface 3D imaging
Coherence pixel arrays. of translucent or opaque
Tomography (pOCT)  Fast measurement rate: up to 10 3D materials.
fps. Non-destructive testing
Broadband light source — low of parts and materials.
coherence. Reverse engineering of

Short standoff distances & limited
to a few millimeters of depth

imaging

small parts — such as
MEMS devices.

* Beraldin, J.A., “Basic Theory on Surface Measurement Uncertainty of 3D Imaging Systems,” Proceedings of
SPIE-IS&T Electronic Imaging, Vol. 7239, 2008.

2.2 Construction

The majority of the 3DI systems used in construction are time-of-flight instruments. Common
applications include surveying, volume determination, clash detection, creating as-built models,
dimensional checking, tolerance checking, and topographic mapping. The use of 3DI systems
has the added benefit of allowing the work to be performed at a safe distance, e.g., bridge or road

surveying.

Typical characteristics of 3DI systems used for construction applications are:

e horizontal fields-of-view (FOVs) of 360°

o vertical FOVs of 80° or better

¢ measurement uncertainties on the order of millimeters
¢ maximum ranges from about 50 m to over a kilometer.

3DI systems have been used by various state Departments of Transportation (DOTs) for land and
highway surveys. The 3DI systems used for these types of applications have maximum ranges of

4
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100 m to 200 m. For volume determination (e.g., mining, excavations) and topographic
mapping, systems with longer maximum ranges are more efficient. 3DI systems used for clash
detection and for the creation of as-built models typically have maximum ranges of 50 m to
200 m. Systems used for tolerance checking have ranges of 50 m or greater and measurement
uncertainties on the order of millimeters or better.

2.3 Autonomous Mobility

Applications in mobility systems for active 3D imaging systems include: Automated Guided
Vehicle and other industrial vehicle navigation and collision avoidance; military autonomous
Unmanned Ground Vehicle (UGV) navigation, terrain mapping and collision avoidance;
automotive collision avoidance, mapping and surveying. Table 2 contains a list of the main
features and salient characteristics of active 3D imaging methods used in mobility systems
applications.

Table 2. Typical Applications in Mobility Systems.

Type of 3D
imaging

Typical range for

Main features & salient .
uncertainty values

Typical applications

methods

characteristics

Pulsed TOF
(scanning)

Light beam illumination 5 mm to 50 mm
Multiple scanning planes & laser/

detector pairs

Wide FOV available DOF >100 m

Measurement rate > 1 million pixels

per second

Good in bright ambient light

(outdoors)

Capable of multiple pulse return

detection

Military UGV autonomous
navigation, terrain mapping
and collision avoidance.
Automotive collision
avoidance

Mapping and surveying.

Pulsed TOF
(non-scanning)

Focal Plane
Array

3D illumination-high power 2cmto 5cm
Non-scanning

Variable narrow FOV

DOF > 10 m up to kilometers

Up to 256 x 256 array size

Measurement rate typically > 30 Hz

Good in bright ambient light

(outdoors)

Capable of multiple pulse return

detection

Robotic vehicle navigation,
mapping, security and
targeting.

AM TOF
(non-scanning)
Focal Plane
Array

Entire FOV 1llumination
Non-scanning

Narrow FOV 40°x40° typical
Largest array size 200 x 200
Real-time operation up to 100 fps
Typical DOF: (0.5 to 30) m
Limited operation outdoors

Low cost

Navigation & safety systems
for AGVs & other mobility
platforms.

Real-time perception for
industrial robots & assembly
line equipment and safety
systems.

Automotive safety systems.

5
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3 Current State-of-the-Art (2010)

3.1 Introduction

A 3D imaging project involves the following basic steps:

1. Selecting a location that minimizes occlusions.

2. Setting the instrument on a stand or tripod. Depending on the instrument, the instrument
can be attached to a tribrach and centered over a point below the tripod.

3. Collecting data from several locations — see Figure 1. This is necessary since a 3DI
system is a line-of-sight instrument and thus, data from several different locations are
needed to obtain a full 3D model. The data is stored in the laptop/PC that controls the
instrument or on memory cards in the instrument.

4. Exporting the data.

5. Registering the data. Registration is defined as the process of determining and applying
to two or more datasets the transformations that locate each dataset in a common
coordinate system so that the datasets are aligned relative to each other [2]. Sometimes
registration to a global reference frame (e.g., state plane) is required in a project.

6. Processing data. “Final data processing can represent a significant effort on some
projects--a structure that is scanned in 4 hours may take as much as 40 hours or longer
to process the data to a CADD compatible format. The software used for processing
scanned datasets is a critical component in the overall efficiency and economy of the
process. [3]"”

13

Figure 1. Multiple scan locations (indicated by the small square boxes) are needed to fully model a building
and cover obscured areas. In practice, additional scan locations may be needed due to occlusions from
vegetation or other objects between the building and the scanning instrument. Figure taken from [3].

6
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A general workflow for a 3D imaging project is shown in Figure 2. The hardware primarily
affects the planning and data collection stages and the software primarily affects the data
processing, data analysis, and modeling stages. The hardware and software are described in
more detail in the remaining sections of this chapter.

Input: Project Planning
specifications, (e.g., site visit, type of 3DI system, instrument
required locations, constraints (e.g., site, access), permits/
deliverables clearances, QA/QC procedures)

Data collection

(e.g., system calibration, instrument settings, data registration, data
QA/QC, data export)

l

Data processing
(e.g., data registration, data filtering, data segmentation, data export).

!

Data Analysis and Modeling
(e.g., fitting primitives, creating 2D plans and 3D models, error
analysis, visualization, data export, archiving data).

Application

(e.g., interference/collision detection, inspection, planning
monitoring, documentation)

Figure 2. Simplified workflow for a 3D imaging project.

7
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3.2 Active 3D Imaging Hardware

This portion of Chapter 3 covers the hardware portion of the current state-of-the-art and ongoing
research in active 3D imaging technology as it currently exists for a variety of industrial,
automotive and military applications. It supports the needs of the National Defense Center of
Excellence in Industrial Metrology and 3D Imaging (COE-IM3DI) research program at
Youngstown State University and updates the 2004 NIST report [1] on next generation 3D
imaging systems for applications in manufacturing, construction and mobility. Section 3.2.1
provides an overview of the hardware approaches.

3.2.1 Commercial Technology Overview

As stated earlier, active optical 3D imaging technology is widely used in many diverse
applications such as: reverse engineering (3D modeling), heritage and architectural preservation,
ground surveying (terrestrial, mobile terrestrial, aerial), automated manufacturing (assembly,
inspection), AGV (automated guided vehicle) guidance and safety systems, automotive collision
avoidance, obstacle and target detection and tracking, UGV (unmanned ground vehicle)
autonomous driving, and medical diagnostics. New improvements and new product
developments could increase the use of this technology in many other market areas. Active 3D
imaging systems use lasers or broadband spectrum light sources to illuminate surfaces in a scene
of interest and to generate a 3D digital representation (range map or point cloud) of the surface.
Each range measurement is represented in a spatial coordinate system (a matrix) where the row
and column indices are a function of the orthogonal scan angle or some regular interpolated grid
in the x and y directions. Each cell in the matrix can contain the corresponding depth
measurement (z values), calibrated (x, y, z), or any other attributes such as color or uncertainty
[4]. The processing and display of the range data can directly provide the geometry of the
surface of an object or the scene in an environment which is relatively insensitive to background
illumination and surface texture.

The following sections will provide a breakdown of the most commonly used measurement
principles/approaches that are currently being used in commercial systems. Because of the
limited scope of the hardware study, the main focus will be on laser based optical triangulation
approaches and optical time delay (TOF measurement) approaches. For the same reasons,
scanning techniques and devices will not be covered. Overviews of this topic can be found in [1,
5]. Some coverage will also be provided on the emerging, wider use of Optical Coherence
Tomography, which uses a low coherence (broadband light) interferometric approach for very
high resolution range imaging. A survey of some currently available hardware products and
research prototypes is included in Appendices A and B.

3.2.1.1 Breakdown of Optical 3D Imaging Hardware by Range Measurement
Technigues

The most common optical active 3D range imagers utilize the basic measurement principles of
(1) triangulation, (2) time-of-flight, and (3) coherent time-of-flight or interferometry. Figure 3

8

Page 27 of 225 Pages in Total (Body of Report + Appendices)




W911NF-08-2-0057 - Metrology - FinalReport

shows the family of optical 3D range/shape measurement techniques. These techniques mostly
use light wave illumination sources in the wavelength range of 400 nm to 1600 nm (visible and
near infrared (NIR) spectrum). This section will summarize the basic measurement principles of
each approach. Microwave and ultrasonic wave techniques will not be included in the

description.

Contactless 3D shape measurements

v I
Microwave Light wave Uitrasonic weve
L=3-30mm L=05-1pm r=01-1mm
(10 - 100 GHz) (300 - 800 THz) (0.3 -3 MHz)

i 1
Triangulation Interferometry Time-of-flight (TOF)
depth detection by depth detection by depth detection by
means of geomelrical means of optical coherent means of opticel modulation
angle measuremernt time-of-flight measurement time-of-flight measuwement

Figure 3. Family tree of non-contact 3D shape measurement techniques {6}.

3.2.1.1.1 Triangulation

Laser-based, triangulation scanning represents the most commonly used approach in industrial
applications. Figure 4 illustrates the principle of active triangulation range measurement.

- object
& r\
:—a\\\ object triangle
— | ~
2= : \\
N
! N, |
| |

light source X

Figure 4. Principle of active triangulation range measurement [7].
9
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Laser-based, triangulation 3DI systems project a laser spot or stripe onto the object being
measured and then use a linear or 2D array detector to locate the illuminated area on the object
being inspected or measured. The light source, the illuminated area on the object, and the
detector form a triangle as illustrated in Figure 4. Lange provides a basic overview of the laser-
based triangulation measurement technique in his 2000 doctoral dissertation [7]. Much of the
following text comes from that dissertation.

With a laser spot projection, 3D information can only be gained by scanning the laser spot over
the scene and sequentially acquiring a point cloud of range measurements. A much faster
approach is to project a light stripe onto the scene. By replacing the position sensitive linear
detector with an imaging array, a 2D distance profile can be measured with a single
measurement. The scan has to be done in only one direction to obtain a 3D point cloud of the
scene. The laser stripe 1s the most common approach used in applications where fast
measurement rate is important. Further advanced techniques even use 2D structured light
illumination and 2D imaging to perform 3D triangulation measurements without scanning. The
most important members of this structured light group are phase shifting projected fringe,
greycode approach [8], phase shifting moiré [9], coded binary patterns, random texture [10] or
color-coded light. They typically use LCD (Liquid Crystal Display) projectors for the projection
of the structured patterns. This category of imaging sensors is not covered in this report.

3.2.1.1.2 Time-of-Flight Techniques

Light waves travel at a velocity (c) of approximately 3*10° m/s through the earth’s atmosphere.
There is a class of measurement methods which take advantage of this knowledge by measuring
the time delay created by light traveling from an illumination source to a reflective target and
back to a detector located in close proximity to the position of the illumination source. The light
beam travels a distance which is twice that of the distance to the reflective target. Figure 5
illustrates the most basic principle of a time-of- flight (TOF) ranging system (a pure “pulsed”
time-of-flight range measurement principle). A very short laser pulse (0.5 ns to 5 ns) is used to
start a timing circuit. Once the detector picks up the reflected signal, it immediately stops the
timer. An extremely accurate clock is required to achieve measurements with small errors. The
distance, d, to an object is equal to (¢ * TOF delay divided by 2).

10
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) [ : d
N YD) Nlumination
A\ Source | 4=c*TOF delay/2
STOP

START

(—

Detector

Figure 5. Fundamental principle of a “pulsed” time-of-flight range measurement technique (adapted from
Lange [7]).

Time-of-flight range measurement systems use either pulsed modulation or continuous wave
(CW) modulation of the illumination source. Figure 6 shows a “family tree” of the different
types of modulation signals used in time-of-flight range measurement systems. The three main
categories are: pulsed modulation; CW modulation and pseudo-noise modulation. Pseudo-noise
modulation will not be covered here.

11
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Time-of-Flight Measurement

f q 1
I Pulsed 1 cw Pseudo-nolse
Modulation ]_ Modulation Modulation
- S _— 1
AM AM FM AM
Homodyne Heterodyne Chirp Sequential
Phase-shift ZF-phase Modulation Phase Coding
Lightbeam Lightstripe Lightvolume
{1D-lllumination) (2D-lllumination) (2D-lllumination)
0D-detector 1D-detector l 2D-detector
0D-mixer 41D-mixer | 2D-mixer
2D-scanner 1D-scanner No-scanner

Figure 6. “Family tree” of the different types of modulation signals used in Time-of-Flight range
measurement systems. (adapted from Lange [7}).

Continuous wave modulation techniques can be further broken down into the following sub-
categories: Homodyne Amplitude Modulation (AM) (single modulation frequency) phase shift
techniques; Heterodyne AM (multiple modulation frequencies); Frequency modulation chirp
(linear frequency sweep of the coherent wavelength source) modulation; and AM sequential
phase coding [11]. The technical details for these techniques will be described in the following
section.

3.2.1.1.3 Interferometry time-of-flight range measurement techniques

Single or multiple wavelength interferometry and Optical Coherence Tomography (OCT) can be
classified separately as a third active range measurement technique. The most basic
interferometer setup (the Michelson interferometer) is illustrated in Figure 7.

12
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Reference
Cooperative Mirror

Surface [
{.: Beam Spliter
j Directional
;‘1 light source

=
L Light
AZ =K (W/2) detector

Figure 7. Working principle of Michelson interferometer (adapted from Beraldin [4]).

The following basic overview of the interferometric technique comes from the Lange dissertation
[7]. In the figure, a monochromatic and coherent laser beam is split into two rays by a beam
splitter. One ray is projected to a reference mirror (constant reference path) while the other is
projected on the object/target (variable measurement path). Both rays are reflected back to the
beam splitter, which projects the rays onto the detector electronics where the interference is
measured and counted. A movement of the object away or towards the sensor results in a
constructive interference peak being observed each time the object moves by a multiple of the
laser’s half wavelength. By counting the min-max transitions in the interference pattern, the
relative distance of object motion can be determined at an uncertainty on the order of the laser
light’s wavelength (X) or better. The technique can be interpreted as a time-of-flight principle,
since the runtime (time delay) difference between the reference and measurement path is
evaluated. Lange also provides the following overview of other interferometric approaches and
associated references in his dissertation [7]:

“Several other interferometer setups can be found, for example in [12] or [13]. The
principal drawback of classical interferometers is that absolute distance measurements
are not possible and the unambiguous distance range is as low as half the wavelength.
Enhanced approaches overcome this restriction. One nice example is Multiple-
wavelength interferometry, where two very closely spaced wavelengths are used at the
same time. [This allows] beat frequencies down to GHz or even MHz range [to be]
synthetically generated, enabling absolute measurements over several tens of centimeters
at /100 resolution [6, 14). Especially important for high sensitivity 3D deformation
measurements Is the electronic speckle pattern interferometry (ESPI), where a reference
wave front interferes with the speckle pattern reflected by the investigated object. With a
conventional CCD camera the speckle interferogram, carrying information of the object
deformation, can then be acquired. Like conventional interferometers, ESPI can also be

improved in sensitivity and measurement range by the multiple-wavelength technique
[14].

Another way to enlarge the measurement range is to use light sources of low coherence
length. Such interferometers (white-light interferometry or low-coherence interferometry
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[15]) make use of the fact that only coherent light shows interference effects. If the optical
path difference between the measurement and reference paths is higher than the
coherence length of the light, no interference effects appear. For a path difference of the
order of magnitude of the coherence length, however, interference takes place. The
strength of interference, depends on the path difference between the reference and object
beams, and thus absolute distances can be measured. Interferometry finds its
applications predominantly for highly accurate measurements (2/100 to 2/1000) over
small distances ranging from micrometers to several centimeters.”

Because of the limited scope of the hardware study, further detailed technical description of the
traditional/classical interferometry approaches is not be provided here. An overview on these
techniques can be found in the 1999 Handbook of Computer Vision and Applications [16]. On
the other hand, since low-coherence or Optical Coherence Tomography (OCT) has generated a
lot of interest in the medical diagnostics community (especially in ophthalmology applications)
and now in manufacturing applications, further information and references will be provided. The
following material is a summary of information on OCT available at:
http://en.wikipedia.org/wiki/Optical_coherence tomography.

This coherent approach uses either a white (broadband) light source (such as super bright LEDs)
or femtosecond laser pulses and uses short/low coherence interferometry to generate interference
distances of only a few micrometers. The light source is used to penetrate through opaque or
translucent material or tissue samples to generate reflectance range data to resolutions better that
10 pm. Light interaction is broken into two paths — a sample path and a reference path. The
reflected light from the sample and the reference signal are optically mixed to produce an
interference pattern. The interferometer strips off any scattered light outside the short coherence
interference length. Because of the exceptionally high range resolution, this approach has gained
acceptance in the manufacturing community — especially where it is necessary to obtain precise
3D imaging inside translucent or opaque materials. To generate 2D data sets (cross section
image of the object) a scanning of the object can be accomplished by using a translation stage to
move the object. This is also called single (confocal) OCT. To generate a 3D data set
(volumetric image) an area scan must be done. This can be accomplished by using a CCD
camera as the detector (does not need an electro-mechanical scan). By stepping the reference
mirror and taking successive scan images, a 3D volumetric image can be constructed. The only
limitation of this approach is the short standoff distances and imaging of less than 3 mm below
the surface of opaque materials. Additional information on OCT technology can be found in [17,
18].

3.2.1.2 Technical review of most common range measurement approaches used
commercially

3.2.1.2.1 Laser scanning techniques for active triangulation range imaging

The National Research Council (NRC) of Canada was one of the first organizations to invent and
develop the triangulation based laser scanning approach [19]. Since then they have published
many papers on the topic, which are available as NRC documents. A summary of the basic
principles of triangulation systems is in this report. Technical details can be found in the
following NRC and other publications [4 , 20-24]. Beraldin, et al. [23] provides an explanation
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of the basic principles in the triangulation range measurement concept. The following is a
summary of the principles, applications and limitations of the approach presented in [23].

The triangulation approach for 3D imaging is primarily used in applications where the range to
the object being scanned is less than 10 m. There are three categories: (1) short range imagers
for standoff distances of less than 0.5 m, (2) medium sensors for distances of 0.5 m to 2 m, and
(3) larger sensors for distances between 2 m to 10 m.

In basic triangulation, the angles of the similar triangles which are formed by the object triangle
and image triangle are measured indirectly by using the ratio of two distances (based on law of
cosines). This ratio is shown in Figure 4 to be

z _x
h™ x
since the angle a is the same in both triangles,
z=hxZ Eq. 1

The basic measurement principles of active triangulation imaging is shown in Figure 8 and
Figure 9 where Figure 8 shows a single laser spot range measurement and Figure 9 depicts the
approach used for object scanning.
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-
o e
X J" il )T
,/’
e d
e S ‘ Angle sensor
. —— v T ——— !
Surface
Proflie

Figure 8. Active triangulation based single spot laser range measurement. [23].
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Figure 9. Active triangulation based scanning type laser ranging. From NRC publication [23].

For a single spot laser range measurement , as shown in Figure 8, the shape of the similar
triangles are determined from angles o and Ap relative to the baseline distance d. In Eq. 1,
substituting d for x, f; for 4, and p for the measured position x’ on the detector results in the Z
equal to

d

If the laser is scanned over the object using a deflection mirror, as shown in Figure 9, the
coordinates of the z and x measurement can be calculated using simple trigonometry. The value
of z for this configuration is now

2= 1o X ¥ Fotand)

The additional term fp tan 8 in the denominator is due to the displacement on the detector from
the scanning angle 6 in the object triangle.

The NRC paper continues by describing some of the limitations of the scanning triangulation
method. The standard deviation of error in the z value, o, is given by

2

_ VA
) 4

where o}, is the standard deviation of the error in measuring p. It appears that the uncertainty in z
can be lowered by increasing the detector focal length f; and the baseline distance d.

16

Page 35 of 225 Pages in Total (Body of Report + Appendices)




W911NF-08-2-0057 - Metrology - FinalReport

Unfortunately, this is misleading because shadow effects increase and overall stability of the
sensor structure decreases with increasing values of d. Also, since the field of view ¢y of a
conventional triangulation sensor is given by

P
@ =2tan! (—)
x 2f0

where P is the length of the position detector, a compromise has to be made when selecting the
parameters for a desired application and performance. The paper points out that triangulation
sensing performance can be improved by using a scanning scheme that was developed by Rioux
[20] that allows a large FOV to be achieved even with small triangulation angles. This scheme is
illustrated in Figure 10. With this approach, the instantaneous FOV of the position detector
follows the deflection angle of the laser beam. A sensor using this scheme can achieve a wide
FOV with small optics and a small baseline.
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Figure 10. Auto synchronized scanner: a) single scan axis scanner and b) dual axis scanning. [23].

When using laser triangulation scanners, full 3D image data sets can be achieved by moving the
scanner or by using galvanometers to drive the laser beam displacement mirrors along the x- and
y-axes in order to produce a raster range image. For metrology applications, laser line scanners
are typically mounted on Coordinate Measuring Machines (CMMs); however, if lesser
performance is acceptable, they can be mounted on a rotation stage or a translation stage to
achieve full 3D imaging.

In another more recent NRC publication [4], Beraldin describes the intrinsic uncertainty of
active optical 3D imaging measurement techniques. He states that range measurement
uncertainties for each class of active 3D imagers can be represented by a single equation that
depends on the signal-to-noise (SNR) ratio. If SNR is assumed to be greater than 10, then the
range uncertainty, &,, can be shown to be

K

O, =~
" VSN

-
~
:I
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K is a constant which depends on the range measurement methodology used. For laser based
triangulation scanners

72 1
(f d) BW

~
~

where Z is the distance to the surface being scanned, f'is the focal length of the detector collector
lens, d is the sensor baseline distance, and BW is root-mean-square signal bandwidth. Although
speckle noise does affect active triangulation based measurement performance when SNR is very
large, in most cases, performance (range of operation) is primarily limited by the geometry of the
sensor. Typical values of range uncertainty for active triangulation-based 3D imaging sensors is
between 0.02 mm to 2 mm. In addition, the paper states that the depth-of-field (DOF) and
measurement rates for these sensors are typically less than 4 m and between (10 to 1000) kHz,
respectively. More in depth description of other contributions to the measurement uncertainty
can be found in publications [25-27].

3.2.1.2.2 Time of Flight Measurement Techniques

The 2004 NIST report [1] describes in detail the fundamental time-of-flight measurement
techniques used in 3DI systems that were available at that time. This report will not attempt to
duplicate this effort but will summarize the fundamental science of each approach, list the
advantages and limitations, and cover some of the most common applications. Expanded
discussion will be provided on advances being made in focal plane array technology and
particularly for real-time applications where either the sensor or the scene is in motion.

(1) Pulsed Modulation (Pure pulse TOF)

A typical setup for direct TOF laser-based 3DI system is illustrated in Figure 11.
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Figure 11. Typical setup for a direct-time-of-flight laser-based 3D imaging system.

One very obvious improvement over the triangulation scheme is that the laser illumination
source and the detector operate synchronously, producing full range data sets without any
shadowing. Essentially, the illumination beam and detector beam can be made collinear. By
keeping the laser pulses very short (a few nanoseconds or even a few hundred picoseconds), a
large amount of light energy can be transmitted, thus reducing the effects of background
illumination and producing a high signal to noise ratio. The large signal to background
illumination ratio reduces the need for the detector to have a high sensitivity and high signal to
noise performance. This high signal to background illumination ratio allows for long distance
measurements even under bright ambient conditions. Also, the low mean value of the optical
power that is used, is extremely important in preventing eye damage, especially if the laser
wavelength is in the IR (infrared) range [7].

One drawback of the pulsed TOF measurement approach is the need for the receiver electronics

to have a large bandwidth. Currently, the maximum attainable bandwidth that is commercially
attainable is limited to about 15 GHz'. This means that the achievable range resolution (AR) is

AR =

N o
w| -

where B is the bandwidth of the receiver electronics. AR is typically no better than 1 cm.

Range uncertainty for the various range measurement methods can be expressed as:

! From a Bridger Photonics presentation.
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6, = K
" JSNR
The value of K for pure pulse TOF ranging is:
c
K = E Tr

where T; is the rise time of the laser leading edge. Typical values of range uncertainty are
between 5 mm and 50 mm for pulsed modulation approaches [4].

If low range uncertainty and high range resolution are important, the pulse duration should be
kept as short as possible. Some 3DI systems have been operated with laser pulses as short as
250 ps [28-30]. Femtosecond pulse operation has also been demonstrated, but this topic will be
described under the coherent laser radar part of the discussion. “Super resolution” algorithms are
another way of improving range uncertainty. This is a process of combining information from
multiple images to form a single high resolution image. Information on these algorithms can be
found in [31] and [32].

There are other limitations that factor into performance of pure TOF 3DI systems:

(a) Laser sources used in generating short duration high optical peak power pulses generally
have low repetition rates [typically (1000 to 250 000) pulses/s)]. This tends to limit the
acquisition rates of single emitter/single detector scanning devices. The highest
repetition rates have been achieved using microchip laser sources in combination with
single photon Geiger-mode APDs (avalanche photodiodes) [28-30]. This limitation can
be overcome by using large area flash focal plane array (FPA) detectors or by using
multiple laser/detector pairs on the scanning mechanism. These will be covered in
Section 3.2.2.4 under the topic of real-time active 3DI systems.

(b} Because of imperfect optics and atmospheric dispersion, the illumination beam expands
with range. Figure 12 shows the divergence characteristics for an uncompensated
microchip laser beam and another for a diffraction-limited optics laser beam. If the
unambiguous range of the distance measurement is very large (> 50 m), the reflected
return signal will contain multiple target reflections that are within the cone of the
dispersion beam. A possible time domain range profile is shown in Figure 13. Most
commercial grade pulse imagers average the values of the reflected returns and present
only a single measured value. This results in phantom points being generated along
vertical and horizontal edges of objects [1]. Some producers, however, offer multiple
return features such as: reporting first and last return, more than two returns, or even
multiple time slicing and range measurements following an initial detected return [33,
34].
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Figure 12. Laser beam divergence and beam diameter at 100 m for an uncompensated MicroChip Laser
Beam and for a Diffraction-Limited Optics beam.
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Figure 13. Full time-domain profile return response for a 1ns pulse imager (courtesy Night Vision Lab).

(2) Amplitude Modulated Continuous Wave (AM-CW) (phase-based measurements)

Another way of measuring TOF is by modulating the laser beam with a continuous wave signal
and then measuring the phase difference between the emitted signal and the reflected/return
signal. This measurement approach is represented in Figure 14. The distance d to the object is
given by:

AD c
4 Tt fam

where A¢ is the phase difference and fay is the modulation frequency.
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The unambiguous interval, L,, for the range measurement approach is given by:

L = G
“ 2 fAM
modulation
frequency: >
-
outbound / f =20 MHz N L,=M2=75m
sugnal\ \ a=cff=15m \
return '
signal /
Ay
Thus.... ‘
50 ns
< Z e

Apof2n=Adof 7.5 m

Figure 14, Phase-based measurement of TOF. The unambiguous range Lu is set by the wavelength of the
modulation frequency.

For a modulation frequency of 20 MHz, the value for the ambiguity interval is calculated to be
7.5 m. If we assume a phase measurement resolution of 0.01° then range resolution is about
0.25 mm [23].

Higher modulation frequencies will improve the range resolution, but, will also reduce the
unambiguous range of the measurement system. One way of maintaining good resolution over
large ranges is by using several modulation frequencies (known as heterodyne operation). The
lower frequency signal is used to establish the unambiguous interval for the longest measurement
distance within which the higher frequency measurement is located. The latter technique has
been implemented in imaging products provided by Z+F, Basis Software and others [1].

The general form for calculating the measurement uncertainty for the phase-based approach is

[1]:
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2
A2 1+K7
~ 47N K (SNR)

where N is the number of equally spaced places the signal is sampled along a given wavelength,
A is the modulation frequency wavelength and K is the modulation contrast which is given by:

_ 014z
K==

where a; is the amplitude of the transmitted modulation signal and a; the amplitude of the
received signal.

An example of the calculated range uncertainty for a phase based Homodyne 3D imaging system
is illustrated in Figure 15 for a variety of modulation contrasts and possible SNR figures. If the
available modulation contrast is selected to be 0.1 and the SNR of the detection process is
assumed to be 70 dB, then the range uncertainty is about 1.1 mm [1].
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Figure 15, Range uncertainty of an AM-CW Homeodyne 3D imaging system based on CMOC photonic mixer
technology as a function of modulation contrast (K) and SNR for a single modulation frequency of 20 MHz
and a sampling constant, N, of 8 [35].

23

Page 42 of 225 Pages in Total (Body of Report + Appendices)




W911NF-08-2-0057 - Metrology - FinalReport

There are many ways of improving the signal to noise value for a sensor, such as: averaging a
large number of samples (often thousands of samples for each measurement); using higher power
illumination sources and more efficient optics; higher efficiency photoelectron production in the
detector material; and having a digitizing system with enough bits to resolve the higher
resolution count. Implementing some of the methods can result in much improved range
measurement uncertainty values [1]. Typical range uncertainty values for AM-CW approaches
are reported in [4] to be between 0.05 mm to 5 mm for ranges from 1 m to about 100 m.

There are several variations of this approach which should also be discussed. These are:

(a) AM Homodyne 3D imaging
One way of measuring the phase shift between the transmitted and received signals is
by synchronously demodulating the signal in the detector through a process known as
“photonic mixing”. This is a cross correlation process (sampling at specified phase
locations of the modulation signal) which allows for the direct derivation of the phase
angle. This sampling approach of the mixed transmitted and received signals is
illustrated in Figure 16.

P oot =20 MHz, T=50 ns

1 A,

Figure 16. Illustrated “photon mixing” solution where the signal is sampled at an interval of 7/2 along the
resulting waveform [7].

Sampling the mixed signal at the detector at intervals of /2, or four equally spaced
temporal points, and using the discrete Fourier transform, allows for the calculation of
the phase delay, signal amplitude, and signal bias. Further in-depth discussion of this
approach can be found in [1, 7, 35,36 ].

The physical implementation of this measurement approach can take the form of a
focal plane array detector. Miniature 3D imagers have been built by CSEM,
PMDTec, Canesta and possibly others which take advantage of custom built
CMOS/CCD(complementary metal-oxide semiconductor/charged couple device)
technology: [www.CSEM.com, www.PMDTec.com, www.canesta.com ]. The scene
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is illuminated using an LED array which matches the FOV of the detector optics. The
optical signal is typically modulated at 20 MHz which has an ambiguity range of

7.5 m. The phase delay is measured by each pixel in the detector array. Array sizes
of 200 x 200 have been achieved in commercial products. The results achieved with
this approach are full frame (array size) range images generated at video frame rates
or higher. Claimed values for range resolution and range uncertainty by developers
are in the 1 mm range.

The main drawback of this approach has been the inability of the CMOS detector
electronics to limit the effects of bright sunlight. This results in a very large value for
signal bias value (B), which significantly reduces the signal to noise ratio for the
sensor. That is the reason why they have been primarily used in indoor environments.
Recently, however, the use of ambient light suppression techniques and laser based
illumination are being considered as approaches for overcoming this limitation
[www.PMDTec.com].

(b) AM-CW Heterodyne 3D imaging
As explained earlier, one way of maintaining good resolution over large ranges is by
using several modulation frequencies (known as heterodyne operation). The lower
frequency signal is used to establish the unambiguous interval for the longest
measurement distance within which the higher frequency measurement is located.
The technique has been implemented in imaging products provided by Z+F, Basis
Software and others [1]. An in-depth discussion of this approach can be found in a
paper by Schwarte [37]. Although a 0.001 mm range resolution has been reported by
one company (under best conditions), typical values are at about 0.1 mm. Typical
values of range uncertainty are between 0.5 mm to 5 mm (depending on the range).

(¢) Combination of CW and Pulsed Modulation (taken from Lange [7])

“A combination of both CW modulation and pulsed modulation would be ideal,
combining their specific advantages of (1) better optical signal-to-background ratio
than available from pure CW-modulation, (2) increased eye safety due to a low

mean value of optical power and (3) larger freedom in choosing modulation signals
and components. Combination in this content means, for example, a (pulsed sine)
operation, i.e. a sequence of 1ms high power sine modulation followed by 9 ms of
optical dead time. This dead time can be used for example for post processing

tasks”. This technique has been implemented by Trimble in their CX model scanner
[product survey at www.gim-international.com ]. Range uncertainty is about 2 mm at
50 m distance.

(d) AM-CW Chirp Modulation

In this variation of the traditional AM-CW approach, a linear chirp amplitude
modulation signal is used instead of a single frequency. This approach, developed at
the Army Research Lab (ARL) by Stann et al. [38], is based on an approach
developed for radar [39]. The modulation signal, which looks like the one in Figure
17, is fed into a wideband power amplifier that generates the current drive signal to a
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semiconductor laser diode. The result is a laser light i1llumination beam whose
intensity is frequency modulated linearly over the chirp bandwidth.

e e

AMPLITUDE

Time
Figure 17. Linear Chirp. Frequency sweep of AM modulation signal (courtesy of ARL).

A custom built self-mixing electronic detector generates a photo-current which is the
product of the local oscillator waveform with that of the reflected return signal. This
is similar in effect to the photonic mixing technique described under the Homodyne
approach. The electronic mixing process results in an intermediate frequency fir being
generated which represents the difference between the emitter signal and the reflected
signal. The frequency of this signal is proportional to the target range and is
equivalent to the measurement of the phase delay in the traditional AM-CW
approach. Figure 18 shows the waveforms in the chirped AM-CW modulation
approach. The intermediate frequency signal is then processed with a fast Fourier
transform (FFT) to obtain the time domain calculation of A¢. Barry Stann describes
the details of the approach in [38] and determines that the equation for range
resolution is given by:

c

AR = >3F

where AF is the difference between the start and stop frequencies of the chirped AM
modulation signal. An experimental breadboard was built by ARL where AF was
equal to 600 MHz. Therefore, the achievable range resolution is equal to about

250 mm.
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Figure 18. Chirped AM/CW ranging concept. A self-mixing detector is used to measure the
product of the local oscillator optical waveform and the reflected return signal — producing the
intermediate frequency f;; (courtesy of ARL).

Although the initially attained value does not appear to be very high, there are ways
to improve range resolution [40]. The main advantage of this approach is that it can
be used to recover the time history of multiple target reflections during the time
duration of the modulation sweep signal. The AM-CW Chirp approach has generated
interest in the commercial sector, however, there are no such products available at
this time. The main limitations of implementation include: complicated chirp-
generation electronics; limited frequency response of the tunable laser source; and
more difficult post processing electronics, especially if a large array implementation
is planned.

(3) Coherent Laser Radar or FM-CW Chirp Modulation

In coherent laser radar detection, a part of the illumination laser source and the reflected return
signal from an object are optically mixed in a heterodyne detector where the optical interference
signal 1s measured. However, it is more common to have a separate Local Oscillator (LO) and to
use mode locking to synchronize the LO to the illumination source. A simplified diagram of the
coherent laser radar approach is shown in Figure 19.

27

Page 46 of 225 Pages in Total (Body of Report + Appendices)




W911NF-08-2-0057 - Metrology - FinalReport

Coherent hv To
INumination i
Target
Source -
4 mode-
locking Beam
Deflector
Local >
Oscillator
] hv'
Detector [« & From
Target
Heterodyne
(optical)
Mixer
[beam spli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>